The Rothamsted culture of tobacco necrosis virus was long known to contain spherical particles of two sizes,1 which were recently established as two serologically unrelated viruses, one called the "satellite virus" (SV) which causes no lesions and multiplies detectably only in the presence of the other virus (TNV).' The SY is an unusually small nucleoprotein with a calculated molecular weight of 1.97* 106, conLaining 20 per cent of RNA.' The genetic information carried by this RNA with a molecular weight of the order of 4. 10°is very limited and it was recently proposed that SV RNA could code for a maxiimum of 400 amino acid residues, which is consistent with the number of amino acid residues in the coat l)rotein.3
stored at -250C.
Ammonium sulfate precipitation: Cell sap was thawed and stored at +20'C for 24 hr to remove the "virus-inactivating system" 6 and centrifuged. To the supernatant solid ammonium sulfate was added to a final concentration of 1.75 Al. After storage at +40C for [3] [4] hr the suspension was centrifuged and the precipitate was dissolved in 50 ml cold 1. 10-3 Al magnesium sulfate and dialyzed overnight against this solution. Insoluble material was removed by centrifugation. This procedure was repeated once or twice. The final volume of the material did not exceed 6 ml. All centrifugations were performed at 15,000 X g for 20 min.
"Particle-sieve" chromatography was performed according to Hjertel,7 on a column of agarose spheres. The virus preparation from the ammonium sulfate step was layered under buffer on top of the agarose bed. Chromatography was performed at +40C (Fig. 1) . The absorbancy of the eluate fractions was measured at 260 and 280 mti in a 1-cm cuvette.
Analytical electrophoresis: An apparatus with a horizontal electrophoresis tube rotating during the run and without a supporting medium was used.8 9 With this technique it is possible to analyze very small amounts of material.
Preparative electrophoresis was performed with agarose suspension as supporting medium in columns with an inner diameter of only 6 mm. The type of column has been described by Hjerten. 10 The sample was applied by layering and the anode was placed at the bottom of the column. After completed electrophoresis the agarose suspension was sucked out in 1-cm fractions from the top of the column. Aliquots from each fraction were diluted 100-fold in 1 -10-Al magnesium sulfate, and the absorbancy was determined at 260 ma. The fractions from the peak containing SV' were pooled and centrifuged at 20,000 X g for 20 min to remove the agarose.
Ultracentrifugation: Sedimentation velocity analyses were made in 0.1 Al' Tris-acetate buffer, pH 7.9, with 1.10-3 Ml MgSO4 in a Spinco model E analytical ultracentrifuge at 35,600 rpm. The schlieren optical system was used.
Virus concentration was determined according to Kassanis The negative contrasting was performed with phosphot ungstic acid (PTA) adj usted with ammonia'4 to a slightly alkaline pH-valtue (7.6); the final PTA-concentration was about 1%.
Carbon-coated platinim disks were used. The specimierls were prepared at pH values above the isoelectric point which is close to pH 7. The specimensrwere examined in the Siemens-Elmniskop I. The double condenser lens was used at a magnification of 40,000 or 80,000. A 400-,Su condenser aperture and a 50-,u objective aperture were utilized at an operating voltage of 60 kv.
Crystallization of SV: The crystallization was done in capillaries of the type generally used when mounting wet protein crystals for X-ray investigations. After the virus solution was sucked into a capillary, the ends were covered with plasteline which allows for a slow evaporation. This crystallization procedure has several advantages. (1) The crystal growth and the evaporation rate may easily be controlled, and the crystals can be observed microscopically during growth. (2) Very small amounts (0.1-0.2 mg) of virus material may be used for a crystallization experiment. The method is likely to be of importance for the crystallization of other compounds, of which the amounts are very limited. (3) The crystals can be examined by X rays in the same capillary as they are grown.
Density of SV crystals: The density of SV crystals was determined using the flotation method on crystals in capillaries 0.5 mm in diameter. The mother liquor was first removed from the crystals by means of narrow capillaries. Then a mixture of bromoform and aceton of known density was sucked into the 0.5-mm capillary, and one end was sealed off with black wax. A glass fiber was used to detach the crystals from the walls of the capillaries, and then the crystal motion was observed with the capillaries vertical. X-ray diffraction: A Philips fine-focus X-ray tube and collimators with diameters 0.20-0.60 mm were used. The photographs were taken with a Buerger precession camera, using unfiltered CuK,-radiation. "Still" photographs were taken at spindle intervals of about 20°, two different reciprocal crystallographic axes along the spindle, 3 0 crystal-to-film distance of 4 cm, and exposure times of about one hour. The exposure times E used when obtaining 5°precession photographs W were about 20 hr with a crystal-to-film distance 2 of 7.5 cm.
Results.-Virus purfiication: Chromatography on columns of agarose spheres of l the virus preparation purified by ammonium sulfate precipitation revealed several components as shown in Figure 1 The homogeneity of the material from the agarose chromiatography was tested by free zone electrophoresis. Figure 2 shows that already after 4 miii of electrophoresis two peaks were observed and on prolotiged electrophoresis a minor zone migrated out of the stationary main zone. The material in the stationary zone was sucked out of the electrophoresis tube and examined in the electron microscope.
This highly l)urified SV had a great tendency to crystallize on the grids in mllOnlOlayers; the angle between the rows of virus particles was about 64' (see Fig. 3 ).
The analytical electrophoresis revealed that the main imlpurities have a considerably higher mobility than SV. Consequently, the preparative electrophoresis could be performed ill narrow columns loaded with large samuple volumes and yet yield an efficient separation. When further increased capacity was required, two starting zones were al)l)lied in the same column. Figure 4 shows a typical diagram after lreparative elcctrophoresis in agarose columns. The SV material was identified by electron microscoly (Fig. 6) Figure 6 , and the FIG. 3 . Electron micrograph of SV from free height deduced from the shadow zone electrophoresis (Fig. 2) Crystallization of SV: SV in 1-10-3 31 MgS04 at a concentration of 1.65 per cent was sucked into capillaries 1.0-1.5 mm in diameter and was crystallized at room temperature as described in Methods. It has been possible to get large SV crystals (up to 0.5 mm X 0.5 mm X 0.2 mm) in 1-2 weeks. 'Most crystals are rhombic plates, as shown in Figure 7 , but a few somewhat smaller triclinic prisms are also formed. The crystals produced were of the same size and quality whether the material was purified only by chromatography or by chromatography and electrophoresis.
X-ray investigation of single crystals of SV: Selected crystals in the capillaries were oriented for X-ray investigation, and all mother liquor except a small drop around the crystal was removed. Because of the good morphology of SV crystals a unique crystallographic axis could be chosen optically, and therefore the exposure time needed for the setting of a crystal was short. Crystals grown directly after the agarose chromatography gave the same X-ray data as those grown from material which had been further purified by electrophoresis. Even with a 1-hr exposure time, reflections out to a resolution of 2.3 A-were obtained in the "still" photographs, as seen in Figure 8A , and from these photographs the directions and (for a chosen crystal class) the magnitudes of cell axes perpendicular to any particular reciprocal lattice plane were measured. The 50 precession photographs with the X-ray beam parallel to the two shortest axes chosen from a great number of still photographs led unambiguously to a strict monoclinic cell. Systematic extinctions were found for reflections where h + k = 2n + 1. The absences were found in hkO and Okl (Fig. 4) 
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The density of the crystals is 1. It has been pointed out"9 that small virus particles, as far as is known, exhibit icosahedral symmetry. The fivefold axes of point group 532 should reveal themselves in the X-ray photographs as "spikes," that is, the intensities tend to be stronger in certain directions. Fig. 8D ).
Discussion.-The mi-ethods selected for purification of SV have all been described in detail in earlier publications.7-10 These methods fractionate particles according to size, shape, and surface charge, but do not differenitiate empty capsids from intact particles." i 22 The final product was therefore subjected to analytical ultracentrifugation anid caesium chloride gradient centrifugation, but no protein shells were observed with these miethods. In spite of this, empty capsids were sometimes observed in the electron micrographs (Fig. 6 ). These damaged particles most certainly arise during preparation for electron microscopy, since it was verified by equilibrium gradient centrifugation that neutralized phosphotungstic acid produced lprotein shells fromt SV virus. The over-all purification factor from bean leaves was of the order of 2.000-5.000.
Wet SV crystals were found to have a strict monoclinic uniit, cell, probably contamning four SV lparticles, wheni crystals were grown ini aqueous solution with 1 electron micrographs of crystals of SV slowly grown in concentrated aqueous solutions. During the preparation for an electron microscopy investigation, the crystals dry and the cell dimensions are affected. Therefore, Labaw's values for the unit cell dimensions cannot directly be compared with our cell dimensions from X-ray work on wet crystals. It is important to note that Labaw's and our results indicate a strict monoclinic unit cell in both dry and wet crystals, respectively. These findings differ from the X-ray diffraction results which are reported by Cowan and Crowfoot-Hodgkin5 on dry crystals (triclinic cell) and by Crowfoot and Schmidt4 on wet crystals (triclinic or pseudomonoclinic cell). There is some resemblance between our cell dimensions and those of Crowfoot and Schmidt but the discrepancies are also very clear:
Crowfoot and Schmidt4
The The present report is the first in a program aimed at resolving the structure of a small spherical virus. The complete structure of SV would ultimately inform about the genetic code. Primarily, work is in progress to determine whether SV RNA codes for its own structural protein and additional proteins and whether SV RNA is oriented in the same way in all the particles in a crystal. Some experiments aimed at preparing isomorphous heavy atom derivatives of SV have been started.
